Abstract-In this paper the optimizing cross-layer algorithm is presented which minimizes long-term average packet dropping subject to an average transmission power of single user wireless channel. The optimization problem is defined as Markov decision process (MDP) and the composite state space of the communication system with transition matrices of probabilities is determined. The structure of the obtained optimal policies for Rayleigh and independent and identically distributed (i.i.d.) fading channel is taken into consideration. Simulation results confirm that the proposed cross-layer algorithm provides adaptation of network parameters and makes it possible for satisfying QoS in a wide range according to application demands.
as described in a previous paper [12, Fig. 1 ]. The communication system consists of a transmitter, which incorporates a buffer of the limited capacity and encodermodulator and of a receiver. Loading of the buffer is done with packets from the higher ISO/OSI layers and is modeled by Poisson distribution. Transmission rate out of the buffer is adaptive, and it sustains the realization of optimization CL algorithms. The connection between the transmitter and the receiver is realized in slow Rayleigh fading channel, while information about the quality of the channel and the buffer state are being interchanged through the control channel. The average number of packets η which will be delivered to the application on a higher layer of the receiver can be determined in the following way [12] ( ) ( ) ( 
where P o is the buffer overflow and P p is the packet error probability. The expression (1) binds two independent subsystems of the wireless communication system on two ISO/OSI layers: the subsystem of the transferring medium (PHY layer) and the subsystem of the buffer in the network node (MAC-LLC layer).
III. MODEL OF BLOCK-FADING CHANNEL
Existence of many propagation ways in the wireless environment causes degradation of the signal on the receiving side. This appearance is called fading and it will cause errors in received packets. Packets with errors will be rejected and depending on the received protocol their retransmission could be demanded or they could be permanently rejected. Influence of fading on the appearance of the packet error in the wireless communication system has been surveyed through packet error probability as it is given by the expression (1) . This network parameter is located on the first (PHY) layer. It was shown that the instantaneous amplitude value of the receiving signal in the channel with many propagation ways has Rayleigh distribution. The most often applied model of the communication channel with slow fading is based on Markov chain which approximates the channel with the final number of states (Finite State Markov Channel FSMC) [14] . This approximation was performed by discretisation of the continual channel with fading to the finite number of states. Only the slowly variable Rayleigh channel can be well modeled by Markov chain. Therefore, the communication channel with fading can be presented by Markov chain from K state, where every state represents certain range of the fading levels on the receiving side. The probability density function (PDF) for Rayleigh channel with fading can be presented [15] ( )
where γ is average, and γ instantaneous value of the channel gain. The channel gain can be divided to K not overlaped sections by using K+1 levels in the following States are defined on the base of the fading level and the state transition probability by the expressions (6)- (10) . 
The steady state probability for Rayleigh communication channel is determined on the base of (2) ( )
For determination of transition probabilities for the model with K states, expressions (6)- (10) , the number of crosses in one second (N g ) between γ and γ g should be determined
where f D is the maximum of Doppler channel frequency. The channel gain γ g in relation to the level for observed state of the channel g. The maximum Doppler frequency for the given movement rate of the terminal v and the bearing
, where c is the speed of light. Presupposing that the fading is slow enough, i.e. that the channel remains unchanged during time frame T f , and that the state transition is performed after every frame and only between the adjacent states, the state transition probability for the channel with K states can be written down as [15] :
. (10) The transition matrix of the communication channel with correlated fading for the case from K state, P (G) , is formed on the base of the expression (6)- (10) . The model of Markov chain for the channel with slow Reileight fading is presented in Fig. 1 . The transition matrix of this model has a quadrate structure as presented in (11) . For the sake of simplifying: 
IV. MODEL OF THE BUFFER OF THE LIMITED CAPACITY
The influence of the communication node in the total number of transmitted packets in the wireless communication system is surveyed through the parameter P o in the expression (1) . The important cause of loosing packets in the communication node can also be the buffer of limited capacity on the transmitting side. Of course, in addition to the capacity of the transmitting buffer, the arriving dynamics of packets into the buffer has a considerable influence on the number of rejected packets.The arriving dynamics of packets into the buffer is modelled in this paper by Poisson distribution. In this way the burstly packet traffic obtained during realization of most multimedia applications is simulated. By changing the parameters of the buffer loading model, various types of multimedia services can be simulated. Every packet which arrives into the buffer when it is filled up will be rejected. Loading or unloading of the buffer, happens in equal discrete time frames T f . It is evident that the speed of sending packets from the buffer has a direct influence on the packet rejecting probability. So, if unloading of packets from the buffer happens faster, the buffer won't be fully occupied and packet rejecting will be lower. The possibility of sending packets through choosing of the modulation scheme [8] with great number of constellation states (MQAM modulator) is used in this paper. The subsystem of the limited buffer in a network node can be modeled by Markov chain whose states are determined by the number of packets in the buffer. The state space of the Markov chain used for description the buffer whose capacity is B packets B ={B 0 , B 1 , … , B B }. The state of an empty buffer is marked with B 0 , while the full buffer is marked with B B . In order to define Markov chain completely, along with the space of the state, it is necessary to determine the transition probability of this subsystem p (B) (m,n) from the state m into the state n. Transition matrixes of the subsystem probability of the buffer are determined by the following expression ( ) 
where A k (λ) is the probability that k packets arrive into the buffer during the frame T f , and m u m ≤ is the number of packets which unload when the buffer is in the state m. For the sake of simplifying:
Transition matrix of probabilities P (B) of Markov process which models the buffer of the final length for one value of the parameter u m has the quadrate structure (13) . For applying in the wireless communication system with adaptive unloading rate of the buffer it is necessary to determine transition matrices of probabilities for all values of adaptive rate. In this way 3D transition matrix of probabilities is obtained where the third dimension depends on the number of possible adaptations of the unloading rate of the buffer 
The standard IEEE 802.11a/e provides for several different modes of work on PHY layer which secure adaptation of unloading rate of the buffer.
V. COMPOSITE MARKOV MODEL OF THE COMMUNICATION SYSTEM
The state space of the communication system (S) is composite, determined by states of the communication channel g and the buffer in the communication node B [12] S g = ×B,
where { } × represents an operator of Cartesian product. On the base of (14), the state space of Markov chain of the communication system is determined in the expression
where ( ) Fig. 2 shows the composite Markov model for a communication system with 8 channel states and 16 buffer states that was used in simulation in this paper. Therefore, state of the communication system for frame i, S i , is determined by two components: state of the buffer B i and state of the communication channel G i ( )
The packet number for empting the buffer when the communication system is in the state S i is marked with U i .
CL optimization algorithm described in the following section implies that both transmitting and receiving sides have information about the state of the communication system for every frame i. For the complete determination of Markov chain it is necessary to determine transition values this time for the whole communication system. It is important to mention here that there is not only one probability for transition from the system state S i-1 into the system state S i , but that the number of possible transitions determined by adaptive possibilities of unloading the buffer in the communication node. Therefore, set of actions, which can be performed for every state of the system is determined by adaptive possibilities of coding and choice of modulation techniques in the communication system. For the observed communication system the set of actions represents the number of packets through which the buffer in the communication node can be emptied during one frame. By fixing the symbol rate and adaptation of parameters of signal constellation in MQAM modulator the rate of emptying the communication buffer can be adapted. Transition probabilities of the communication system p (S) in realization of the action u can be determined in the following way
where p (G) and p (B) are transition probabilities of the subsystem which describe the communication channel, that is, state of the communication buffer, respectively. The quadrate matrix of transition probabilities for the whole communication system for one value of the parameter u is given in (19) 
For the system with adaptive modulation transition matrix of probabilities is also 3D matrix where the third dimension depends on adaptive possibilities of the communication system. It is evident that dimensions of this matrix P (S) which describes the communication system are considerably greater than those of matrices which described the communication subsystems. Great dimensions of 3D matrices demand a lot of processing time and considerable memory resources. This can be one of the reasons for finding suboptimal solutions so that they can accommodate to available resources in the network node.
VI. OPTIMIZATION PROBLEM
If P i marks the necessary transmit power of the i-th frame, it is extremely important for wireless communication systems to limit the maximum of the long-term average transmission power P
As it was mentioned in the introductory part, multimedia communications demand great network packet throughput. If we presuppose that a packet has L bits and that it will be rejected if at least one bit is wrong, the packet error probability (PER) P p can be determined in the following way
In this paper, protocols which keep BER constant (P b = const) will be considered, so that according to (21) it will result in constant PER. Increasing of network throughput for the case of constant PER can be realized through minimization of the number of rejected packets produced by the buffer overflow in the communication node. The average number of rejected packets L o depends on the capacity, dynamics and fulfillment of the buffer
where B is the capacity of the buffer in packets, b the number of packets in the buffer which is unloading with u packets and loading with A packets per frame. The expectation is with respect to the number of packets arriving in frame. The maximum long-term average number of rejected packets can be presented in the following way [12] ( )
The optimization problem can be defined as minimization problem in the following way:
Minimize the maximum of long-term average rejected packets L o of the wireless communication system subject to an average transmission power constraint P and constant BER.
Minimization problem can be presented in the following way:
where P is the maximum tolerable average transmit power. Parameters B i and U i present the number of packets in the buffer, i.e. the number of packets for which the buffer is being emptied respectively during the frame i. The direct solution for the optimization problem (24), (25) can be a very hard task. One of the solutions of the multi-objective minimization problem is, instead of the original problem, to minimize the weight function of all criteria. In this way the minimization problem is defined as the long-term average cost MDP [11] . We aim to minimize
where C I is immediate cost incurred in state (b, g) when control action (u, P) is taken, i.e.
( ) ( )
The weight factor β is positive number with the role of Lagrangian multiplier and indicate the relative importance of average lost packets over the average transmission power. Considering the fact that the state space of the system is finite, it means that the cost is also limited. We are interested in the stationary communication system where transition probabilities and the cost do not depend on time, so that the system can be minimized by using dynamic programming techniques. The solution for the optimization problem (24), (25) is policy. Policy represent rules established in advance for defining actions which should be taken in the moment foreseen for deciding. The solution of MDP is in fact the set of rules the wireless communication system is governed by under the set conditions. The optimal stationary policy π * is obtained by solving the following problem
VII. SIMULATION RESULTS
The numerical results are obtained for the simulation parameters sumarized in Table I . Based on the simulation parameters, the transition matrix (11) is determined by equations (4) - (10) . Then, on the basis (12), the transition matrix (13) (Fig. 3) .
Optimal number of packets by which the network node should be emptied is presented as a parallelepiped of certain height -Packets/frame whose base is the surface determined by the state of the communication system. In the graphic 3a related to i.i.d. fading channel it can be noticed that the optimal policies correspond to the "water-filling" structure. In the "water-filling" structure it is necessary to send great number of packets with better quality of the channel. On the other hand, if the buffer occupancy increases, the transmission rate also increases. It is evidently (Fig. 3b) that the structure of the optimal policies in the correlated fading channel does not correspond to the "water-filling" structure. In channels with time correlated fading with the increase of the communication channel quality does not necessarily come to the increase of the rate of sending the packets out of the buffer. The structure of the optimal policies depends on the model of the communication channel, i.e. transition matrix of the communication channel (11) . Fig. 4 presents graphics average rejected packets in function of average transmission power level P . If transmission power increases, the number of rejected packets decreases both for the case of communication channel with i.i.d. (Fig. 4a) and for the case of the communication channel with correlated fading (Fig. 4b) . Looking at the graphics in Fig. 4a and 4b can be observed that in areas of smaller transmitting power, the number of packets dropped by the channel fading significantly higher than in the uncorrelated fading channel. Depending on the applied transmission policy, various values of optimization parameters can be reached, which provides adaptation of parameters to the desired value. This means that the demand for quality of services of various users can be satisfied.
VIII. CONCLUSIONS
The cross-layer design provides joint optimization of network parameters with many ISO/OSI layers from the protocol stack, which improves performances of the wireless communication system. When wireless communication system can be modeled in the form of long-term average cost MDP problem, it is possible to find an optimal transmission policy. In this paper it was shown that simultaneous optimization of network parameters with PHY and MAC layers allows the throughput maximization in slow fading channel. The performances of the optimal transmission policy are: 1) The channel with i.i.d. fading demands considerably less transmission power in relation to the wireless communication channel with Rayliegh correlated fading; 2) If transmission power increases, the number of rejected packets decreases both for the case of communication channel with i.i.d. and Rayliegh fading. Simulation results confirm that the proposed cross-layer algorithm provides trade-off between network parameters and makes it possible for satisfying wide range of QoS.
